Genetic studies in Borrelia burgdorferi have been hindered by the lack of a nonborrelial selectable marker. Currently, the only selectable marker is gyrB r , a mutated form of the chromosomal gyrB gene that encodes the B subunit of DNA gyrase and confers resistance to the antibiotic coumermycin A 1 . The utility of the coumermycin-resistant gyrB r gene for targeted gene disruption is limited by a high frequency of recombination with the endogenous gyrB gene. A kanamycin resistance gene (kan) was introduced into B. burgdorferi, and its use as a selectable marker was explored in an effort to improve the genetic manipulation of this pathogen. B. burgdorferi transformants with the kan gene expressed from its native promoter were susceptible to kanamycin. In striking contrast, transformants with the kan gene expressed from either the B. burgdorferi flaB or flgB promoter were resistant to high levels of kanamycin. The kanamycin resistance marker allows efficient direct selection of mutants in B. burgdorferi and hence is a significant improvement in the ability to construct isogenic mutant strains in this pathogen.
Borrelia burgdorferi, the spirochetal agent of Lyme disease (4) , is maintained in nature by an infectious cycle involving tick vectors and small rodent hosts (13) . The genome sequence of B. burgdorferi has provided a wealth of data about the genetic composition of this bacterium (7) . However, relatively little is known about the function of most of the deduced proteins encoded by the genome. For example, 41% of the chromosomal open reading frames and 84% of plasmid open reading frames are either homologs to hypothetical proteins in other bacteria or have no match in databases (7) . Although many B. burgdorferi gene products have been identified and characterized on the basis of antigenicity, abundance, membrane location, or pattern of synthesis, the functions of most of these proteins are unknown (5, 12, 20, 31, 32, 36) . As a consequence, relatively little is known about the molecular mechanisms mediating B. burgdorferi variation and adaptation and the roles of these processes in the infectious cycle.
Identification of genes that encode virulence factors or participate in the transmission cycle of B. burgdorferi is hindered because this pathogen differs considerably from bacteria with well-developed genetic systems. These differences include an atypical outer membrane composition, unique genome structure with an undefined mechanism of replication, and complex, stringent in vitro growth requirements. One major factor that has impeded genetic studies in B. burgdorferi is the lack of an exogenous selectable marker. The only available selectable marker was derived by mutating the B. burgdorferi gene for the B subunit of DNA gyrase (gyrB), yielding a derivative gene (gyrB r ) whose product confers resistance to the antibiotic coumermycin A 1 (26) . When the gyrB r gene is used for gene inactivation by allelic exchange or integration into the genome, the most common outcome (Ͼ99.5%) is recombination with the endogenous chromosomal gyrB gene rather than allelic exchange at the desired target locus (3, 21, 30, 33) . Because of the possibility of unwanted recombination at a second genomic site and the occurrence of spontaneous drug resistance, very large numbers of coumermycin-resistant colonies must be screened by PCR to determine where recombination has occurred. This procedure is laborious, expensive, and time-consuming. Hence, development of an exogenous selectable marker would substantially improve the efficiency of targeted gene disruption in B. burgdorferi.
Our laboratory has previously generated B. burgdorferi transformants with an Escherichia coli plasmid integrated on the chromosome (30) . Although this E. coli vector contained the intact kanamycin resistance gene (kan) from Tn903, these B. burgdorferi clones remained susceptible to kanamycin. In this paper, we report why B. burgdorferi transformants containing the native kan gene remain susceptible to kanamycin and describe how we have modified this gene to yield an efficient marker for targeted mutagenesis.
MATERIALS AND METHODS
Strains and culture conditions. B. burgdorferi B31 (ATCC 35210), the prototype strain of B. burgdorferi sensu stricto, was originally isolated from a tick collected on Shelter Island, N.Y. (4) . B. burgdorferi clones AB1 (30), KA1, KG1, and AB5 were derived from B31-A, a high passage, noninfectious clone of B31 (Table 1) . Bacteria were grown in BSK-H (Sigma, St. Louis, Mo.) or BSK-II (1) supplemented with 6% rabbit serum at 34°C, unless otherwise indicated. Single colonies in solid medium were obtained as described previously (21) .
Indirect immunofluorescence microscopy for B. burgdorferi FlaB in solid medium. Twenty B. burgdorferi colonies were picked from an agarose plate and mixed in 100 l of phosphate-buffered saline containing MgCl 2 . Ten-microliter aliquots were spotted on glass slides and were air dried, heat fixed, and acetone fixed for 10 min. Spirochetes were incubated with anti-flagellin monoclonal antibody H9724 (2) for 30 min followed by goat anti-mouse antibody coupled to fluorescein isothiocyanate (Kierkegaard & Perry Lab Inc., Gaithersburg, Md.). These preparations were examined by epifluorescence microscopy.
Construction of B. burgdorferi promoter-kan fusions. Oligonucleotides used for gene cloning and DNA probe synthesis are listed in Table 2 . The source of the Tn903 kanamycin resistance gene (kan) was the plasmid vector pOK12 (34) . To replace the Tn903 kan promoter with B. burgdorferi promoters (Fig. 1) , the promoterless Tn903 kan gene and B. burgdorferi promoters were amplified with primers that introduced a NdeI restriction enzyme site (the 3Ј end of the promoter fragment and the 5Ј end of the kan gene) and were separately cloned into pCR2.1 (Invitrogen, San Diego, Calif.). PCR amplifications were performed with a DNA Thermal Cycler (Perkin-Elmer, Norwalk, Conn.) for 25 cycles at the following conditions: 94°C for 1 min, 50°C for 30 s, and 68°C for either 1 or 2 min, for the promoter region and kan gene, respectively. A 916-bp fragment extending from the ATG translational start codon of the kan gene to 106 bp downstream of the stop codon was amplified with oligonucleotides 1 and 2 (pTAkan) (Fig.  1A) . Oligonucleotides 5 and 6 were used to amplify a region beginning at the flgB ATG start codon and extending 410 bp upstream (pTAflgBp) (Fig. 1A) . Oligonucleotides 3 and 4 were used to amplify an analogous 354-bp region upstream of the flaB gene (pTAflaBp) (Fig. 1A) .
The kan gene from pTAkan was digested with the restriction enzymes BamHI and NdeI, was separated by agarose gel electrophoresis, and was purified with a QIAEX II gel extraction kit (QIAGEN, Chatsworth, Calif.). pTAflaBp and pTAflgBp vectors were then digested with BamHI and NdeI, and the gel-purified kan gene was ligated into both pTAflaBp and pTAflgBp constructs to make pTAkanA (P flaB -kan) and pTAkanG (P flgB -kan), respectively (Fig. 1B) .
Construction of pJLB500A and pJLB500G. To replace the Tn903 kan promoter and gene in pBLS500 with the B. burgdorferi promoter-kan fusion, PCR primers that introduced restriction enzyme sites were used to separately amplify pBLS500 without the kan gene and the promoter-kan fusions (Fig. 1C) . Oligonucleotide 10, containing a NgoMIV restriction enzyme site, was located 31 bp upstream of the translational start codon of the kan gene and in the reverse orientation. Oligonucleotide 11, containing a NheI restriction enzyme site, was located 75 bp downstream of the translational stop codon (TAA) of the kan gene and in the forward orientation. By using oligonucleotides 10 and 11 and pBLS500 as a template, an amplified PCR product of the expected size of 3.3 kb was obtained and cloned into pCR 2.1 (pTA500) (Fig. 1C) . 5Ј oligonucleotides 7 and 8 had NgoMIV restriction sites incorporated into them and were used to amplify the P flaB -kan and P flgB -kan fusions, respectively, in conjunction with 3Ј oligonucleotide 9, which included an NheI restriction enzyme site (Fig. 1B) , and PCR fragments were cloned into pCR2.1 (Fig. 1C) .
The amplified vector and B. burgdorferi promoter-kan fusions were excised from pCR2.1 with the restriction enzymes NgoMIV and NheI, were separated by agarose gel electrophoresis, and were purified with a QIAEX II gel purification kit (QIAGEN). The purified pBLS500 fragment was ligated with either the P flaB -kan or P flgB -kan fragments to yield pJLB500A and pJLB500G, respectively (Fig. 1D ). The ligation junctions from all the clones were verified by sequencing with a 373A automated DNA sequencer (Applied Biosystems Inc., Foster City, Calif.).
Construction of pJLBA.V and pJLBG.V. A 5Ј-and 3Ј-truncated oppAV gene was cloned into a derivative of pJLB500 lacking the gyrB r marker (pJLB12A and pJLB12G) and was tested for targeted integration at the oppAV locus. pJLB12A and pJLB12G were constructed in the same manner as pJLB500A and pJLB500G, respectively, except pOK12 (34) instead of pBLS500 was amplified with oligonucleotides 10 and 11 ( Fig. 1) . Amplified PCR products were cloned into pCR2.1 (Invitrogen), were digested with NheI and NgoMIV, and were ligated with either P flaB -kan (pJLB12A) or P flgB -kan (pJLB12G). Oligonucleotide 15, located 370 bp 5Ј of the stop codon, and oligonucleotide 16, located 60 bp 3Ј of the start codon, were used to amplify a 1,164-bp internal fragment of oppAV. The ⌬oppAV PCR fragment was cloned into pCR2.1 and sequenced. The ⌬oppAV PCR fragment was digested from pCR2.1 with BamHI and PstI and was ligated into pJLB12A or pJLB12G to make pJLBA.V and pJLBG.V, respectively.
Transformation of B. burgdorferi. Twenty-four micrograms of pJLB500A and pJLB500G plasmid DNA was used to transform B. burgdorferi B31-A by electroporation as previously described (21, 25) . Twenty-four hours after electroporation, the transformation was diluted 1:10 in BSK-II containing 100 g of kanamycin per ml and was incubated at 35°C. Six days after kanamycin selection in liquid medium, the culture was plated in solid BSK with 200 g of kanamycin per ml.
Twenty-four micrograms of pJLBA.V and pJLBG.V plasmid DNA was used to transform B. burgdorferi B31-A by electroporation as described above. Twentyfour hours after electroporation, the transformations were plated directly in solid BSK containing 200 g of kanamycin per ml. Kan r B. burgdorferi colonies were screened as previously described (21, 30, 33) .
Southern blot analysis. Total genomic DNA was isolated from B. burgdorferi clones B31-A, AB1, KA1, KG1, and AB5 as previously described (22), was digested with restriction enzyme XbaI, and was separated on a 0.8% agarose gel by field inversion electrophoresis for 24 h at 7 V cm Ϫ1 with program 3 of a PPI-200 programmable power inverter (MJ Research, Watertown, Mass.). DNA was bidirectionally transferred to Biotrans nylon membranes (ICN Pharmaceuticals Inc., Irvine, Calif.), was prehybridized, and was hybridized with radioactive probes in a solution containing 6X SSC (where 20X SSC is 3 M sodium chloride plus 0.3 M sodium citrate), 0.1% sodium dodecyl sulfate (SDS), 0.5% nonfat dried milk, and 0.1 mM sodium pyrophosphate at 55°C in a hybridization oven (Bellco, Vineland, N.J.) (22) . Membranes were probed with PCR-generated fragments of the kan (oligonucleotides 1 and 2) and gyrB genes as previously described (30, 33) . Probe fragments were radiolabelled with [␣-32 P]dATP (DuPont, NEN Research Products, Boston, Mass.) by random priming (Life Technologies, Gaithersburg, Md.). Blots were washed in 0.2X SSC and 0.1% SDS at 55°C and were visualized by autoradiography.
MIC of kanamycin. One hundred microliters of BSK-II medium was added to each well of a 96-well tissue culture plate (Corning, Corning, N.Y.). One hundred microliters of a solution containing 6.4 mg of kanamycin per ml was added to the first row of wells, and twofold dilutions were performed up to the last row of wells, to which no kanamycin was added. Log-phase cultures of clones B31-A, AB1, KA1, and KG1 were diluted to 10 5 bacteria/ml, and 100 l of the suspension was added to duplicate wells. The concentration of kanamycin tested spanned from 25 to 1,600 g/ml. Each plate was covered with Breathe-Easy, a gas-permeable sealing membrane for microtiter plates (Diversified Biotech, Boston, Mass.), and was incubated at 35°C in 1% CO 2 . Growth was monitored by color change of the medium. As previously demonstrated, the change of the pH indicator in the medium from pink to yellow accurately reflects bacterial growth (23) . Northern blot analysis of kan transcripts. Total RNA was isolated from exponentially growing cultures of B. burgdorferi clones B31-A, AB1, KA1, and KG1 by using the Ultraspec RNA isolation system (Biotecx, Houston, Tex.) (3, 33) . RNA was denatured with glyoxal and dimethyl sulfoxide and was electrophoresed in a 1% agarose gel in 10 mM sodium phosphate buffer, pH 7.0 (24). The RNA was transferred to a nylon membrane (Micron Separations Inc., Westboro, Mass.), cross-linked with ultraviolet light, and air dried. Prehybridization and hybridization were conducted at 55°C in 1% bovine serum albumin, 7% SDS, 0.5 M sodium phosphate (pH 7.0), and 1 mM EDTA in rotating bottles in a hybridization oven (Bellco). Membranes were probed with PCR-generated The kan gene was excised and ligated into plasmids containing B. burgdorferi promoters. The resulting plasmids contained P flaB -kan or P flgB -kan fusions (pTAkanA and pTAkanG, respectively). (C) pTAkanAn and pTAkanGn plasmids were constructed by amplifying P flaB -kan and P flgB -kan from pTAkanA and pTAkanG, respectively, with primers that contained NgoMIV and NheI restriction sites. The PCR product amplified with oligonucleotides 10 and 11 from pBLS500 was cloned into pCR2.1 (pTA500). (D) P flaB -kan and pTA500 or P flgB -kan and pTA500 were digested, purified, and ligated to create pJLB500A or pJLB500G, respectively. The shaded box represents either the B. burgdorferi flaB or flgB promoter region. fragments of the kan (described above) and flaB (oligonucleotides 13 and 14) genes, radiolabelled as described above. Blots were washed in 0.2X SSC and 0.1% SDS at 55°C and were visualized by autoradiography. Cloning and sequencing of the promoter-kan fusions from B. burgdorferi clones KA1 and KG1. Oligonucleotides 2 and 12 were used to amplify the regions that flank the B. burgdorferi promoter-kan fusion genes from clones KA1 and KG1. The resulting PCR fragments were cloned into pCR2.1 (Invitrogen), were purified by using the QIAprep Spin Miniprep Kit (QIAGEN), and were sequenced.
Rescue of integrated plasmids from B. burgdorferi. Approximately 420 ng of KA1 and 190 ng of KG1 total genomic DNA were each digested with BamHI, followed by phenol-chloroform extraction and ethanol precipitation (30) . Digested DNA was ligated with 400 U of T4 DNA ligase. One-sixth of the ligation mixture was transformed into competent E. coli DH5␣ cells (Life Technologies), which were then plated on medium containing 40 g of kanamycin per ml. DNA from five clones from each transformation was purified with the QIAprep Spin Miniprep Kit (QIAGEN), was digested with BamHI, was separated by agarose gel electrophoresis, and was visualized by ethidium bromide staining.
RESULTS
Kanamycin resistance phenotype of B. burgdorferi clone AB1. B. burgdorferi clones KS5 and AB1 (Table 1) contain the plasmid pBLS500 (pOK12 vector with the B. burgdorferi gyrB r gene) integrated at the gyrB chromosomal locus. Clone AB1 also contains a copy of the oppAV gene at this site (30) . B. burgdorferi with the kan gene from Tn903 does not form colonies in the presence of 40 g of kanamycin per ml of medium (30) . We first determined if the lack of kanamycin resistance of B. burgdorferi clones KS5 and AB1 was due to inadequate expression of the kan gene or to the inability of the kan gene product to confer kanamycin resistance.
Comparison of the MIC of kanamycin for growth in liquid culture demonstrated that clone AB1 was resistant to a twofold higher concentration of kanamycin than the wild-type clone B31-A from which it was derived (MIC of 50 g/ml versus Յ25 g/ml, respectively) ( Table 1) . Taken together, these results indicated that the kan gene product conferred a low level of kanamycin resistance. Next, Northern blot analysis was used to detect kan expression in clone AB1. A discrete transcript was not observed after a 2-week exposure, but a faint smear of approximately the correct size was present (data not shown).
The lack of an abundant kan transcript in clone AB1 suggested that a selectable, kanamycin-resistant phenotype could be generated if the level of kan expression was increased. The flaB and flgB genes of B. burgdorferi encode components of the periplasmic flagella, a major and defining structural feature of spirochetes. Previous Northern blot results indicated that an abundant and invariant amount of flaB transcript was made under various culture conditions (3, 31, 33) . The borrelial flaB and flgB promoters have also been shown to be actively transcribed in E. coli (9, 27) . Taken together, these observations suggested that replacing the Tn903 promoter with the flaB or flgB promoter could increase the level of kan expression in B. burgdorferi.
Presence of flagella in B. burgdorferi grown on solid medium. We first confirmed that flagellar gene promoters (such as flaB and flgB) would be utilized by B. burgdorferi forming colonies in solid media, since this is where the selection for kanamycin resistance would be imposed. B. burgdorferi colonies were excised from solid media and spread on a glass microscope slide, and indirect immunofluorescence was performed with a monoclonal antibody directed against flagellin, the product of the flaB gene. Since flgB encodes part of the flagellar rod and is the first gene in a 21-kb motility operon, the presence of intact flagella implies that FlgB protein is also synthesized. Fluorescent, spiral-shaped spirochetes were detected in all colonies, demonstrating that flagella were present and that the flaB and flgB promoters were active in B. burgdorferi colonies on plates (data not shown).
Construction of pJLB500A and pJLB500G plasmids. To increase kan gene expression, the flaB and flgB promoters (Fig.  1A and B) were fused to the translational start site of the kan gene to create P flaB -kan or P flgB -kan, respectively (Fig. 2) . P flaB -kan or P flgB -kan fusions were integrated into a plasmid lacking a kanamycin resistance gene and were assayed for their ability to confer kanamycin resistance in E. coli. Both constructs yielded kanamycin-resistant colonies (data not shown), indicating that the borrelial promoter-kan fusions were functional in E. coli. To test if the P flaB -kan or P flgB -kan fusions were functional in B. burgdorferi, the kan gene from pBLS500 was replaced with the new promoter-kan constructs to produce pJLB500A and pJLB500G, respectively (Fig. 1) .
Transformation of B. burgdorferi with pJLB500A and pJLB500G. The pBLS500 vector contains one copy of the gyrB r gene, which can mediate direct integration at the gyrB locus on the B. burgdorferi chromosome (30) . Similarly, pJLB500A or pJLB500G can integrate at the gyrB locus, permitting stable maintenance of these DNAs. By so doing, the B. burgdorferi promoter-kan constructs could be tested for their ability to confer kanamycin resistance. B. burgdorferi clone B31-A was transformed by electroporation with pJLB500A and pJLB500G, and transformants were selected in liquid BSK medium containing 100 g of kanamycin per ml. Four days after electroporation, no viable spirochetes were visible by dark-field microscopy from a control transformation conducted without transforming DNA. In contrast, viable spirochetes were visible at this time in the culture transformed with plasmid DNA. The transformed culture containing spirochetes was plated in solid medium containing 200 g of kanamycin per ml 6 days after transformation, and the resultant Kan r colonies were screened with primers specific for either P flaB -kan or P flgB -kan. PCRpositive colonies were obtained for each promoter construct. B. burgdorferi clones KA1 (P flaB -kan) and KG1 (P flgB -kan) ( Table 1) were excised from agarose plates for further characterization.
DNA analysis of KA1 and KG1. Southern blot analysis confirmed that plasmid integration had occurred at the chromosomal gyrB locus in Kan r transformants KA1 and KG1. Southern blots containing XbaI-digested genomic DNA from wild-type B31-A and clones AB1, KA1, and KG1 were hybridized with gyrB-or kan-specific probes. As expected, the gyrB probe hybridized to a single 2.1-kb fragment in B31-A (Fig.  3A) . The gyrB probe hybridized to two fragments of approximately 2.1 kb and 4.5 or 4.9 kb (Fig. 3A) in clones AB1, KA1, and KG1. This result is consistent with integration of each plasmid at the chromosomal gyrB locus and duplication of the gyrB gene. The approximately 400-bp size difference in the larger fragment from clones KA1 and KG1 relative to clone AB1 is caused by the insertion of B. burgdorferi promoter sequences in these plasmids (Fig. 3A) . The kan probe also hybridized with the 4.5-or 4.9-kb fragments in clones AB1, KA1, and KG1, but not to any fragment in B31-A (Fig. 3B) .
To confirm that the promoter-kan fusions were not altered in B. burgdorferi, the promoter regions from clones KA1 and KG1 were amplified by PCR, were sequenced, and were found to be identical to the original constructs. E. coli plasmids tested to date do not autonomously replicate in B. burgdorferi. To test the possibility that the deficiency in this case results from the loss or alteration of essential replication genes in B. burgdorferi, integrated plasmid DNA was rescued from clones KA1 and KG1 by digesting total genomic DNA with BamHI (which cuts at both ends of the integrated plasmid, once in the B. burgdorferi gyrB gene and once in the plasmid multiple cloning site) followed by ligation and transformation back into E. coli. Kan r E. coli were recovered, and all clones contained a plasmid of the predicted size (data not shown). These and previous results (30) indicated that the pOK12 sequences required for plasmid replication and maintenance in E. coli were not sufficient to confer autonomous replication in B. burgdorferi, but they can be introduced into, stably maintained in, and later recovered from spirochetes. Kan r phenotype of clones KA1 and KG1. Wild-type B31-A and transformants AB1, KA1, and KG1 were each inoculated into liquid medium containing varying concentrations of kanamycin to determine the MIC of the drug for these strains. Clones KA1 and KG1 grew in the presence of 1.6 mg of kanamycin per ml, the highest antibiotic concentration tested (Table 1) , whereas wild-type clone B31-A and the integrant AB1 were inhibited by 25 and 50 g of kanamycin per ml, respectively (Table 1) . There was no difference between the growth rate of clones KA1 and KG1 in kanamycin and the growth rate of control cultures without antibiotic (data not shown). Identical MICs were obtained for clones KA1 and KG1 grown without kanamycin prior to the assay (data not shown). Hence, the Kan r marker is relatively stable during six to seven doublings in the absence of antibiotic selection. Moreover, no induction with antibiotic is required for high-level resistance to kanamycin.
Expression of the kan gene in B. burgdorferi. The increased level of kanamycin resistance of clones KA1 and KG1 relative to clone AB1 suggested that the kan gene was expressed at a higher level in B. burgdorferi when fused to the flaB-and flgB-promoters. To test this interpretation, total RNA was extracted from B. burgdorferi clones B31-A, AB1, KA1, and KG1, and a Northern blot was hybridized with a probe from the kan gene. Clones KA1 and KG1 each contained an abundant kan transcript, whereas none was detected in clones B31-A and AB1 after a comparable exposure (Fig. 4A) . Two hybridizing bands were observed with clones KA1 and KG1. The smaller band of approximately 1 kb is the predicted size of the kan gene transcript. The larger band of approximately 1.4 kb could represent transcriptional read-through (Fig. 4A) . Hybridization of the same Northern blot with a probe to the flaB gene indicated roughly equivalent amounts and integrity of RNA in all samples (Fig. 4B) .
Inactivation of the oppAV gene. Integration of circular plasmids by homologous recombination can be used as a method for site-directed gene disruption. This is accomplished by cloning an internal fragment of the targeted gene lacking the 5Ј and 3Ј ends of the open reading frame. To determine the usefulness of plasmids containing the Kan r marker for gene inactivation, a truncated fragment of the B. burgdorferi oppAV gene was cloned into plasmids pJLBA.V and pJLBG.V, containing P flaB -kan or P flgB -kan, respectively (Fig. 5) . Plasmid integration will result in disruption of the oppAV gene, as diagrammed in Fig. 5 . oppAV encodes a homolog of the substrate binding component of oligopeptide permease and is located on a linear plasmid (lp54) (3, 7) , which also represents a distinct genomic component in which to attempt plasmid integration. One hun- dred twenty-five Kan r colonies were recovered after electroporation of B. burgdorferi with pJLBA.V and pJLBG.V; two Kan r colonies were obtained in the control transformation without plasmid. Eighty-seven of 93 Kan r colonies (93%) screened by PCR (oligonucleotides 1 and 9) contained the kan gene (data not shown). Additional PCR analyses indicated that 84 of these transformants were plasmid integrants at the oppAV locus, and three were at the flaB promoter (data not shown). The six Kan r colonies negative by PCR for the kan gene probably represent background resistance mutants. Southern blot, PCR, and sequence analyses of a kan-positive clone, AB5, were consistent with inactivation of the oppAV gene by plasmid integration (data not shown). The in vitro growth rates of clones AB5 and B31-A in BSK-II were indistinguishable (data not shown). The lack of an impaired growth phenotype may reflect functional redundancy among the OppA proteins.
DISCUSSION
Integration of pBLS500 into the B. burgdorferi chromosome provides a means to stably maintain heterologous DNA and to assay for the expression of foreign genes (30) . We exploited this approach to develop the first exogenous antibiotic resistance marker that can be used to select B. burgdorferi mutants. The advantage of this exogenous kan marker relative to gyrB r stems from the elimination of B. burgdorferi transformants that arise by unwanted recombination at the gyrB locus rather than at the desired targeted site. We are currently exploiting this approach to test other antibiotic resistance genes for their usefulness as additional selectable markers in B. burgdorferi.
The main concern in using a B. burgdorferi promoter-kan fusion for genetic manipulation was whether an abundant transcript would be produced under the desired culture conditions. Synthesis of the FlaB protein has been documented under various B. burgdorferi growth conditions. For example, a flagellum-specific monoclonal antibody detected the FlaB protein on spirochetes in liquid culture (2) , in colonies on plates (as shown in this paper), and in the tick midgut (T. G. Schwan, personal communication). These observations and molecular genetic data (8) indicate that flagellar genes are constitutively expressed in B. burgdorferi. This is different than what has been described in E. coli and Salmonella, where the flagellar genes are under strict regulation (16) . Interestingly, both borrelial promoters are recognized by the E. coli transcriptional machinery, but the converse is not true for the native kan promoter in B. burgdorferi. A comparison of the kan, flaB, and flgB promoters does not yield an obvious explanation for this result (Fig. 2)  (8, 9, 14, 15) .
A similar approach of fusing a native promoter with an antibiotic resistance marker was used to develop a puromycin (pac) selectable marker for genetic studies in Methanococcus voltae, a methanococcal archaebacterium (10) . Novel genetic strategies were necessary because, similar to borreliae, the archaebacterial transcriptional machinery does not recognize eubacterial promoter and terminator sequences. The methanococcal transcriptional signals from the pac cassette were also fused with the Tn903 neomycin/kanamycin resistance gene to generate a second selectable marker (35) . The availability of an antibiotic resistance marker represented a major breakthrough in the genetic analysis of methanococci (17, 35) .
In theory, integration of the Kan r marker could occur at any site in the genome with sufficient homology to plasmid-borne sequences. pBLS500 and pJLB500 integrated at the gyrB locus, near the chromosomal origin of replication (6, 7, 18, 19) , because the gyrB r gene was also present on these plasmids. Integration of the E. coli plasmid pOK12 near the origin of replication does not appear to alter DNA replication (30) . However, preliminary results suggest that not all heterologous sequences can be tolerated at this site (J. L. Bono, unpublished data). In addition to targeted gene disruption, plasmid inte- 
